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Abstract
In the paper, the results of experimental studies related with determination of the influence of the supply of a grinding fluid (GF)
doped with powdered graphite and MoS2 into the machining zone with the minimum quantity cooling (MQC) method on the
course and results of the reciprocating internal cylindrical grinding of rings made from Inconel® alloy 718 have been presented.
As a grinding fluid, water aerosols were used. The aerosols delivered the following into the grinding zone: water slurry MoS2
with a concentration of 30 g/dm3, water slurry of graphite with a concentration of 30 g/dm3, 5%water solution of Syntilo RHS oil
and pure demineralized water. The obtained results of carried out experiments showed that the most favorable conditions of
grinding wheel operation were obtained when MQC-based delivering an aerosol of water slurry made from demineralized water
doped with MoS2 and graphite with a minimum flow rate and when delivering an aerosol of 5% water slurry of Syntilo RHS oil.
It was proved that doping GF with powdered MoS2 and graphite, with delivery in the form of an aerosol with a minimum flow
rate, has a substantial influence on the intensity of clogging grinding wheel active surface (GWAS). Additionally, it has been
demonstrated that the solid greaseMoS2 and graphite particles reached the area of contact of the GWAS and the machined surface
effectively, actively influencing its tribological conditions of the grinding process.
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Nomenclature
EDS Energy-dispersive X-ray spectroscopy
GF Grinding fluid
GWAS Grinding wheel active surface
MQC Minimum quantity cooling
MQL Minimum quantity lubrication
SDD Silicon drift detector
SEM Scanning electron microscopy
SQL Small quantity lubrication
aa Axial engagement, mm
ad Dressing allowance, mm
ae Working engagement (machining allowance), mm
ae tot Total working engagement (machining allowance),
mm
af Feed engagement, mm
bs Width of the grinding wheel measured parallel to
the wheel axis, mm
bw Workpiece width, mm
ds Grinding wheel outer diameter, mm
dw Workpiece diameter, mm
e Specific sliding grinding energy, J/mm3
hs Grinding wheel inner diameter, mm
id Number of dressing passes
ns Grinding wheel rotational speed, min
−1
nsd Grinding wheel rotational speed while dressing,
min−1
nw Workpiece rotational speed, min
−1
tg Grinding time, s
vfa Axial table feed speed while grinding, mm·s
−1
vfd Axial table feed speed while dressing, mm·s
−1
vfr Radial table feed speed while grinding, mm·min
−1
vs Grinding wheel peripheral speed, m·s
−1
vw Workpiece peripheral speed, m·s
−1
At Atomic percentage, %
G Grinding index, mm3/mm3
Qd Diamond dresser mass, kt
QGF Grinding fluid flow rate, L·min
−1
Sa Arithmetic mean deviation of the surface, μm
Sp Maximum height of peaks, μm
St Total height of the surface, μm
Sv Maximum height of valleys, μm
Sdq Root mean square gradient of the surface, μm/μm
Compressed air inlet (0.5-0.8 MPa)
GF
delivery Minimal atomizer
ZMIN-MS
Flexible
metal hose
Nozzle
a)
b)
60 mm 232 mm
Example spray pattern – fluid H O2
Grinding wheel
1-351010-9A5X60L10VE01PI-50
Nozzle of minimal 
Atomizer ZMIN-MS
Workpiece (ring made 
of INCONEL  alloy 718)®
Aerosol Grinding
arbor
Grinding spindle
Fig. 1 Minimal atomizer ZMIN-
MS (Sommer-Technik GmbH,
Straubenhardt, Germany)
equipped with flexible metal hose
(l = 232 mm) used in the
experimental studies. a General
view of the device. b Device
during internal cylindrical
grinding process of Inconel®
alloy 718
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Sdr Developed interfacial area ratio, %
Sds Density of summits of the surface, pks/mm−2
Sku Kurtosis of height distribution, −
Ssc Mean summit curvature, l/μm
Ssk Skewness of height distribution, −
Std Texture direction of the surface, °
Str Texture aspect ratio of the surface, −
Ua Accelerating voltage (SEM), kV
Vb Volume of bond in the grinding wheel, %
Vg Volume of abrasive grains in the grinding wheel, %
Vp Volume of pores in the grinding wheel, %
Vs Volume of grinding wheel wear, mm
3
Vw Volume of material removed, mm
3
WD Working distance, mm
Wt Weight percentage, %
μ Coefficient of sliding friction, −
ΔPav Average grinding power increase, W
ΔPl Limited value of grinding power increase, W
1 Introduction
Advanced engineering materials known as superalloys, such
as Inconel® [1–5], Incoloy® [6, 7], Nimonic® [8, 9], and
Hastelloy® [10, 11] and various types of titanium alloys [12,
13] lay down new requirements for abrasive machining
Table 1 Characteristics of grinding conditions
Grinding process Reciprocal peripheral internal cylindrical grinding
Grinding machine Universal grinding machine: RUP 28P by Tarnów Mechanical Works SA, Tarnów, Poland
Grinding wheel 1–35 × 10 × 10-9A5X60L10VE01PI-50
Grinding wheel
dressing
parameters
Dresser: single grain diamond dresser with mass: Qd = 1.25 kt,
Grinding wheel rotational speed while dressing: nsd = 10,000 rpm
Dressing allowance: ad = 0.0125 mm
Axial table feed speed while dressing: vfd = 10 mm/s
Number of dressing passes: id = 6
Grinding
parameters
Grinding wheel peripheral speed: vs = 45 m/s
Axial table feed speed: vfa = 10 mm/s
Working engagement (machining allowance): ae = 0.01 mm
Total working engagement (machining allowance): ae tot = 0.75 mm
Workpiece peripheral speed: vw = 0.56 m/s
Total grinding time tg tot = 900 s
Workpieces Internal cylindrical surface of rings, made of INCONEL® alloy 718, internal diameter: dw = 40 mm, width: bw = 20 mm
GF delivery method Water aerosol delivered by a single spray nozzle GF delivered using flood method
(reference method)
GF working
pressure
Supply air pressure: 0.8 MPa GF working pressure: 0.12 MPa
GF type 1. Water slurry (demineralized water) MoS2 with a concentration of 30 g/dm
3.
2. Water slurry (demineralized water) of graphite with a concentration of 30 g/dm3.
3. 5% water solution of Syntilo RHS oil (Castrol Ltd., Liverpool, Great Britain)
(reference GF—standard emulsion delivered with a minimum flow rate).
4. Pure demineralized water
(reference GF—non-doped with powdered graphite or MoS2).
5% water solution of Syntilo RHS oil
(Castrol Ltd., Liverpool, Great Britain)
GF flow rate QGF = 1080 ml/h QGF = 2.7 l/min
Table 2 Characteristics of samples used in the experimental studies
No. Sample
designation
Type of
cooling
Type of liquid Components Grinding fluid
flow rate
1. MQC-M MQC Aerosol of
suspension
Compressed air + suspension of demineralized water doped with molybdenum
disulfide MoS2 (concentration 30 g/dm
3)
QGF = 1080 l/h
2. MQC-G MQC Aerosol of
suspension
Compressed air + suspension of demineralized water doped with graphite
(concentration 30 g/dm3)
QGF = 1080 l/h
3. MQC-E MQC Aerosol of emulsion Compressed air +5% water solution of Sintilo RHS oil
(Castrol, Liverpool, Great Britain)
QGF = 1080 l/h
4. MQC-W MQC Aerosol of
demineralized
water
Compressed air + demineralized water QGF = 1080 l/h
5. FM-REF FM Emulsion 5% water solution of Sintilo RHS oil (Castrol, Liverpool, Great Britain) QGF = 2.7 l/min
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processes. These alloys, characterized by their poor
grindability, belong to the hard-to-cut materials family.
Grinding is a high-energy process. During the material re-
moval process, the majority of energy is converted into heat.
Chips absorb 75% of the heat, while 18% of the energy is
converted into heat in the contact zone of the grinding wheel
and the chip. The rest of the heat is absorbed by the workpiece
or converted into heat in the contact zone of the grinding
wheel and the workpiece. A high grinding temperature at the
grinding principal point can accelerate the abrasive tool wear,
as well as cause other disadvantages in its external and internal
structure as reported by Rowe [14] as well as by Shen and
Shih [15]. This disadvantages may include:
– grain growth, precipitation, softening;
– phase transformations leading to re-hardening;
– thermal expansion and contraction, cracking and tensile
residual stresses;
ΔP  l = 510 W
ΔP  l = 510 W
ΔP  l = 510 W
ΔP  l = 510 W
Grinding
parameters:
   = 45 m/svs
v
v
a
w
fa
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:
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Workpiece:
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Fig. 2 Changes in grinding power increaseΔP during time tg of internal cylindrical grinding of Inconel® alloy 718 for the five considered variants of
cooling and lubrication conditions. a MQC-M. b MQC-G. c MQC-E. d MQC-W. e FM-REF
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– chemical reactions leading to burn marks;
– adhesion wear on the surface of the grinding wheel
(wheel loading).
For the abovementioned reasons, unfavourable tempera-
ture effects must be limited and, therefore, a significant issue
covering the grinding process is the exploration of new
methods of their reduction.
Thermal damage can be usually avoided and overcome by
using different types of grinding fluids (GFs). The most com-
mon are oil-in-water emulsions, neat mineral oils and neat
synthetic oils. Inertial gases or solid lubricants are also being
increasingly used [14]. Moreover, Rowe in the work [14] cites
many purposes of fluids in grinding:
– mechanical and chemo-physical lubrication;
– cooling the grinding wheel and the workpiece;
– flushing of the debris away from the contact area;
– warding abrasive dust and harmful vapours off;
– corrosion protection.
However, the application of grinding fluids does not al-
ways lead to achieving the desired effects. Therefore, the
methods and techniques of the delivery of the grinding fluids
to the contact zone with the workpiece are highly significant.
As a consequence, it is necessary to aim to the maximization
of the grinding fluids which go directly to the grinding zone.
The most common delivery method is conventional flood
cooling, in which a large quantity of coolant is delivered con-
tinuously into the grinding zone at a low-pressure [16, 17].
Compared to internal cylindrical grinding, conventional
flood cooling is inefficient. First of all, conventional flood
cooling leads to non-uniform grinding fluid delivery.
Secondly, the coolant’s efficiency depends on axial table feed.
Moreover, only a fraction of coolant hits the grinding zone
directly. Therefore, more effective coolant delivery methods
have been employed such as the use of a shoe or jet nozzle
[18–20], atomizer and spray nozzle or minimum quantity
Fig. 3 Values of parameters describing the efficiency of the internal
cylindrical grinding of Inconel® alloy 718 for the five considered
variants of cooling and lubrication conditions. a Average increase in
grinding power ΔPav. b Volumetric grinding wheel wear Vs. c Material
removal Vw. d Grinding ratio G = Vw/Vs
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lubrication methods [21–23]. Despite the use of the above
methods, the problem is still current and requires further in-
tensive research [24]. Albeit possible, using the above-
presented methods during internal cylindrical grinding is
problematic because of the grinding wheel’s small dimensions
and limited workspace. This is also possible by using the
internal delivery grinding fluids system [25, 26]. This system
enables the coolant to go directly through the arbor and the
intergranular free spaces into the grinding zone [23].
For several years, many studies covering the problems re-
lated with GFs have been published, showing that the usage of
conventional flood coolants have become more problematic
by virtue of economy, environmental pollution, and the health
of employees [21, 22]. The usage of the fluids (including
maintenance and waste disposal contributes) accounts for 7–
17% of the total manufacturing cost [27]. Therefore, a signif-
icant problem in the grinding process is the exploration of
new, more environmentally friendly, energy saving and cost-
effective cooling alternatives which increase efficiency and
result in creating the best surface finish.
The first alternative is using solid lubricants by the pro-
cess of impregnation. These substances are nontoxic and
easy to apply and, most of all, they substantially reduce
machining costs [27–29]. The impregnation of a grinding
wheel depends on its porosity. Open-grain wheels allow the
impregnation of a whole abrasive tool, while close-grain
wheels in turn allow impregnation only of the active sur-
face. These actions may be taken by producers and also by
the users themselves. They may adjust impregnate compo-
sitions to the technological needs of the tools [27, 29–32].
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Fig. 4 Collection of selected results obtained for the GWAS 1–35 × 10 ×
10-9A5X60L10VE01PI-50 after the internal cylindrical grinding process
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MQC-G
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Graphite, molybdenum disulfide, silicones, sulphur, waxes,
resins etc. may be used as solid lubricants [28, 33].
A second alternative is minimum quantity lubrication
(MQL), where the air and grinding fluid are mixed in a spe-
cially designed nozzle and accurately directed into the grind-
ing zone [21–23, 34]. Comparing to the conventional flood
cooling, the flow rate of the GF is about three or four orders of
magnitude lower and amounts to 50–500 ml/h. There are
many known publications concerningMQLmethods in grind-
ing. However, the described techniques are ineffective in in-
ternal cylindrical grinding because of the limited space around
the grinding wheel. The aim to solve this problem led the
authors here to work out an innovative MQL method of de-
livering grinding fluid into the grinding zone in internal cylin-
drical grinding. The authors of the work [26] showed that
usage of the method they proposed is able to achieve better
results, comparing to the traditional MQLmethod, in the nick-
el alloy internal cylindrical grinding process.
If it is necessary to ensure adequate cooling, water-
based oil emulsions are used as coolant instead of oil in
the MQL method. They are used when cooling cannot be
carried out by oil. For this method Weinert et al. in the
work [35] use the term Minimum Quantity Cooling
(MQC). Although the lubricating properties of emulsions
are significantly worse than those of oil, they are more
advantageous than when water and air are used as coolant.
Coolant expenditure in MQC processes is usually between
10 and 50 ml/h [35]. Priarone et al. [36] in the conducted
tests of the cooling efficiency of the machining zone dur-
ing the turning process of difficult-to-cut steels applied
the MQC method with a coolant flow rate from 6.5 to
115 ml/h. Studies have shown that cooling the machining
zone with MQC using emulsions increases tool life with
respect to the use of water spray as a coolant. In addition,
it has been shown that increasing the aerosol flow rate
further reduces tool wear [35]. As, so far, the MQC
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Fig. 5 Collection of selected results obtained for the GWAS after the
internal cylindrical grinding process of Inconel® alloy 718 under MQC-
M conditions by the JSL-5500LV SEM produced by JEOL Ltd. a Avast
panorama of the GWAS (mag. × 35, size 10.66 × 2.38 mm). b SEM
micrograph extracted from (a) (mag. × 100, size 1.27 × 0.95 mm). c
SEM micrograph extracted from (b) (mag. × 300, size 0.32 × 0.28 mm).
d SEM micrograph extracted from (c) (mag. × 1000, 0.12 × 0.09 mm)
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method has not been widely used in industry, the elemen-
tary phenomena accompanying it are not yet as well-
known as in other methods of minimizing coolant
expenditure.
The third alternative is the addition of nanoparticles to
conventional lubricants. A research group from Qingdao
Technological University has published several papers
about new kind of Inconel® alloy 718 hybrid machining
in recent years [37–40]. The researchers described a new
MQL method in which where a new kind of GF was
used—a nanofluid—and which was delivered to the
grinding zone by MQL nozzle. As a nanofluid, an oil
suspension of nanopowders were used. Wang et al. [37]
carried out a comparative analysis of six nanofluids,
namely MoS2, SiO2, diamond, carbon nanotubes, Al2O3
and ZrO2 (with a concentration of 6 wt.% in pure palm
oil) on an efficiency of the Inconel® alloy 718 MQL plane
grinding process. The quantity of nanofluid was 50 ml/h.
They referred their method to traditional MQL grinding
with the same coolant quantity and flood cooling method
with 60 l/h of coolant quantity also. As a result of the
analysis, flood cooling was the least effective in any con-
sideration. Compared to flood cooling, better surface
roughness was obtained with the use the pure palm oil
as a GF during MQL grinding. The presence of
nanopowders in the grinding fluid as nanofluids signifi-
cantly affected at the efficiency of the grinding process
compared to results produced by traditional MQL grind-
ing. Their research confirmed that the addition of
nanopowders to GF may significantly influence the lubricative
properties of a GF which can lead directly to a reduction of
specific sliding grinding forces F, the coefficient of sliding
friction μ, and specific sliding grinding energy e. The addition
of nanopowders to the grinding fluid may contribute to
Instrument type: SEM | Model: JSL-5500LV | Producer: JEOL Ltd. | Magnification: 35× |
Acc. voltage: 20 kV | Image mosaic: 4×1 | Image size: 10.53×2.36 mm | Signal: BEI |
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Fig. 6 Collection of selected results obtained for the GWAS after the
internal cylindrical grinding process of Inconel® alloy 718 under MQC-
G conditions by the JSL-5500LV SEM produced by JEOL Ltd. a Avast
panorama of the GWAS (mag. × 35, size 10.53 × 2.36 mm). b SEM
micrograph extracted from (a) (mag. × 300, size 0.40 × 0.31 mm). c
SEM micrograph extracted from (a) (mag. × 300, size 0.38 × 0.30 mm).
d SEMmicrograph extracted from (a) (mag. × 100, size 1.02 × 0.99 mm)
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a decrease of grinding wheel wear (an improvement in
G-ratio values was apparent with the addition of nanopar-
ticles to the base fluids) or the remediation of workpiece sur-
face roughness also. The authors listed six nanopowders ac-
cording to their increasing potential for use as abrasive
nanofluids: ZrO2 < carbon nanotubes < diamond < MoS2 <
SiO2 < Al2O3.
Sinha et al. in the work [41] presented a more environmen-
tally friendly way of employing nanopowders in nanofluid
usage in the small quantity lubrication (SQL) method. In their
experiment, distilled water with the addition of detergent and
silver and zinc oxide nanopowders as substances which re-
duce the adhesion of workpiece chips to the grinding wheel
active surface (GWAS) were used as a GF. The experimental
results of plane grinding of Inconel® alloy 718 using
nanofluids were compared with the outcomes of grinding ex-
periments under dry, wet and SQL with soluble oil. An
energy-dispersive X-ray spectroscopy (EDS) analysis of the
grinding wheels’ active surface after grinding were confirmed
the pertinence of the hypothesis that was originally conceived
by the authors. From their study, it can be concluded that
application of nanofluids resulted in a minimization of grind-
ing forces, the coefficient of friction, and an improvement in
ground surface integrity. Zinc oxide as a nanofluid showed
better grinding responses mainly because of improved lubri-
cation behaviour. This is primarily due to a better wettability
that has induced a stable lubricious film on the contacting
surfaces even at a higher temperature. During dry grinding,
micro cracks on ground surface are observed. This also
results in oxidation of the workpiece surface and renewed
deposition of cut-off material at its surface also. Using
silver or zinc oxide water dispersion practically causes
complete elimination of these adverse phenomena. The
findings of this work could be regarded as a first step
towards the green and sustainable grinding of high
strength superalloys.
Instrument type: SEM | Model: JSL-5500LV | Producer: JEOL Ltd. | Magnification: 35× |
Acc. voltage: 20 kV | Image mosaic: 4×1 | Image size: 11.40×2.52 mm | Signal: BEI |
WD: 21 mm | Spot size: 33 | Vacuum pressure: 9 Pa 
500 mµy
x
Clogging of
INCONEL  alloy 718®
Free intergranular
space
Abrasive
grain Al O2 3
Bond
bridge
a)
c) b) d)Single
flow-type
chip
Bond
bridge
Vast clogging of
INCONEL
alloy 718
®
Mag.
Image size:
 100×
 = 20 kV
 0.96×0.70 mm
Ua
100 mµ
y
x
Mag. 500×
 = 20 kV
0.16×0.19 mm
Ua
20 mµ
y
x
Flow-type
microchip
Dulled abrasive
grain vertex
Mag. 300×
 = 20 kV
 0.43×0.32 mm
Ua
Image size:
50 mµ
y
x
63.91 mµ
Clogging of
INCONEL
alloy 718
®
142.60 mµ
Abrasive
grain
Al O2 3
Group
of micro-
chips
Free
intergranular
space
35
.37
mµ
GWAS AFTER THE INTERNAL CYLINDRICAL GRINDING OF  INCONEL  ALLOY 718 | MQC-E®
D
ire
ct
io
n
of
m
ov
em
en
t
of
th
e
ab
ra
si
ve
to
ol
Fig. 7 Collection of selected results obtained for the GWAS after the
internal cylindrical grinding process of Inconel® alloy 718 under MQC-
E conditions by the JSL-5500LV SEM produced by JEOL Ltd. a A vast
panorama of the GWAS (mag. × 35, size 11.40 × 2.52 mm). b SEM
micrograph extracted from (a) (mag. × 100, size 0.96 × 0.70 mm). c
SEM micrograph extracted from (b) (mag. × 300, size 0.36 × 0.32 mm).
d SEMmicrograph extracted from (b) (mag. × 500, size 0.16 × 0.19 mm)
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2 Methodology of experimental studies
2.1 Main goal
The main goal of these experimental studies was determining
the influence of the supply of a GF doped with powdered
graphite and MoS2 into the machining zone with the MQC
method (via a nozzle that creates a water spray) on the course
and results of the reciprocating internal cylindrical grinding of
rings made from Inconel® alloy 718. The innovation of the
described research is based on the fact that for the first time,
minimum quantity cooling with molybdenum disulfide and
graphite-based microfluids has been adapted to the specific
requirements of the internal cylindrical grinding process. In
the following sections, the details related with conditions in
which the experimental studies were carried out, as well as
results of the experiments along with their analyses, were
given.
2.2 Characteristics of the method of cooling
the grinding zone with a minimum flow rate (MQC)
with fluids doped with powdered lubricating
and antiadhesive substances
In view of the above, experimental studies were carried
out whose aim was to determine the efficiency of such
a method of delivering powdered lubricating and anti
adhesive substances in the conditions of the internal
cylindrical grinding process. The experimental setup
was constructed on the basis of an RUP-28P grinding
machine and equipped with a minimal atomizer ZMIN-
MS, (Fig. 1), through which compressed air delivered
three types of GF into the grinding zone, with a minimum
flow rate of QGF = 1080 ml/h. As a result, the grinding fluids
were water aerosols created by the spraying nozzle powered
with air at a pressure of 0.8 MPa, which delivered the follow-
ing into the grinding zone:
Instrument type: SEM | Model: JSL-5500LV | Producer: JEOL Ltd. | Magnification: 35× |
Acc. voltage: 20 kV | Image mosaic: 4×1 | Image size: 10.64×2.36 mm | Signal: BEI |
WD: 21 mm | Spot size: 33 | Vacuum pressure: 10 Pa 
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Fig. 8 Collection of selected results obtained for the GWAS after the
internal cylindrical grinding process of Inconel® alloy 718 under MQC-
W conditions by the JSL-5500LV SEM produced by JEOL Ltd.. aAvast
panorama of the GWAS (mag. × 35, size 10.64 × 2.36 mm). b SEM
micrograph extracted from (a) (mag. × 300, size 0.36 × 0.32 mm). c
SEM micrograph extracted from (a) (mag. × 400, size 0.25 × 0.24 mm).
d SEM micrograph extracted from (c) (mag. × 1000, size 0.13 ×
0.10 mm)
646 Int J Adv Manuf Technol (2019) 101:637–661
– water slurry (demineralized water) MoS2 with a concen-
tration of 30 g/dm3,
– water slurry (demineralized water) of graphite with a con-
centration of 30 g/dm3,
– 5% water solution of Syntilo RHS oil (Castrol Ltd.,
Liverpool, UK) (reference GF—standard emulsion deliv-
ered with a minimum flow rate),
pure demineralized water (reference GF—non-doped with
powdered graphite or MoS2).
The GF was prepared by doping powdered graphite
and MoS2 in to the spraying phase which, in this case,
was demineralized water. In the applied graphite powder,
over 70% of grains were characterized by a diameter in
a range 0–30 μm. In the case of MoS2 Molykote® (Dow
Corning Corp., Auburn, AL, USA), microsize powder
was used.
2.3 Grinding wheel and workpiece
Studies were carried out on the process of internal cylindrical
grinding with a grinding wheel’s peripheral surface. What was
determined in themwere values of parameters that describe the
condition of the machined surface and the GWAS with a tech-
nical marking of 1–35 × 10 × 10-9A5X60L10VE01PI-50
(Andre Abrasive Articles Sp. z o.o. Sp. k., Koło, Poland) dur-
ing the machining of Inconel® alloy 718.
2.4 Conditions of the grinding process
The grinding process was carried out in conditions of cooling
and lubricating using the MQC method with a flow rate of
QGF = 1080 ml/h (four GF types characterized in Section 2.2)
and, as a reference, in the conditions ofWETcoolingwith a flow
rate of QGF = 2.7 l/min. In each of the above-mentioned cases,
Instrument type: SEM | Model: JSL-5500LV | Producer: JEOL Ltd. | Magnification: 35× |
Acc. voltage: 20 kV | Image mosaic: 4×1 | Image size: 10.06×2.24 mm | Signal: BEI |
WD: 15 mm | Spot size: 33 | Vacuum pressure: 11 Pa 
500 mµy
x
Vast clogging of
INCONEL  alloy 718®
Free intergranular
space
Abrasive
grain Al O2 3
Bond
bridge
a)
b)
Mag.
Image size:
 1000×
 = 20 kV
 0.12×0.09 mm
Ua
10 mµ
y
x
Mag. 
 = 
300×
20 kV
0.17×0.26 mm
Ua
50 mµ
Chip
connected
with clogging
Mag.
 = 
 100×
20 kV
0.71×0.98 mm
Ua
100 mµ Mag. 300×
 = 20 kV
0.28×0.31 mm
Ua
50 mµ
y
x
287.68 mµ
e) Free
intergranular
space
Microclogging
of abrasive
grain vertex
c) d) Abrasive
grain
Al O2 3
Clogging
of abrasive
grain vertex
Vitrified
bond
24.33 mµ
8.66 mµ
14
.0
2
mµ
21
.07
mµ
Microclogging of
abrasive grain vertex
GWAS AFTER THE INTERNAL CYLINDRICAL GRINDING OF  INCONEL  ALLOY 718 | FM-REF®
D
ire
ct
io
n
of
m
ov
em
en
t
of
th
e
ab
ra
si
ve
to
ol
Fig. 9 Collection of selected results obtained for the GWAS after the
internal cylindrical grinding process of Inconel® alloy 718 under FM-
REF conditions by the JSL-5500LV SEM produced by JEOL Ltd. a A
vast panorama of the GWAS (mag. × 35, size 10.06 × 2.24 mm). b SEM
micrograph extracted from (a) (mag. × 300, size 0.17 × 0.26 mm). c SEM
micrograph extracted from (a) (mag. × 100, size 0.71 × 0.98mm). d SEM
micrograph extracted from (a) (mag. × 300, size 0.28 × 0.31 mm). e SEM
micrograph extracted from (d) (mag. × 1000, size 0.12 × 0.09 mm)
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machining was carried out until a total grinding depth of
ae tot = 0.75 mm was obtained, or until the limiting value of
grinding power increase ΔPl = 510 W was achieved, defined
on the basis of recognition studies. The machining conditions
are collectively presented in Table 1.
During the studies, an increase in the grinding powerΔP,
material removal Vw and grinding wheel volume wear Vs
were observed, while following its termination, the value
of the G grinding index was determined, along with values
of selected machined surface roughness parameters on the
basis of the measurements carried out using a Hommel-
Tester T8000 stylus profilometer (Hommelwerke GmbH,
Villingen-Schwenningen, Germany) [42] and TalyMap
Silver 4.1.2 (Digital Surf, Besançon, France) software.
Assessment of the grinding wheel active surface (GWAS)
condition after grinding was carried out by the use of SEM
micrographs acquired by a JSM-5500LV scanning electron
microscope (JEOL Ltd., Tokyo, Japan) [43], as well as map-
ping elemental composition and analysis of EDS spectra reg-
istered by the system based on an Explorer™ scanning elec-
tron microscope (ASPEX Corp., Delmont, PA, USA) [44,
45] equipped with an SDD EDS OmegaMax™ detector by
the same producer.
The experimental studies concerned internal cylindrical
grinding in Inconel® alloy 718, which is classified as a hard-
to-cut material, mainly due to the fact that it creates long
ductile chips during machining. In reference to this, one of
the most important criteria of assessing the state of grinding
wheel wear is the area of cloggings analyzed on its active
surface. This parameter was measured on the basis of SEM
micrographs acquired with the electron microscope scanning
technique and which were subjected to quantitative analysis
using image and analysis techniques. Specialist software,
namely Image-Pro® Plus 5.1 by Media Cybernetics, Inc.
(Rockville, MD, USA) was used for this purpose.
3 Results and discussion
Analysis of the experimental studies’ results was divided into
four stages concerning:
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– assessment of the grinding process effectiveness on the
basis of the average grinding power increaseΔPav, grind-
ing wheel volume wear Vs, material removal Vw and G
grinding index (Section 3.1),
– machined surface roughness analysis on the basis of
microtopographies measured with stylus profilometry
(Section 3.2),
– assessment of the GWAS clogging of the workpiece ma-
terial on the basis of qualitative and quantitative analysis
of SEM micrographs acquired by a JSM-5500LV scan-
ning electron microscope (Section 3.3),
– EDS microanalyses of elemental distribution and map-
ping their distribution on the GWAS, determined using
an Explorer™ scanning electron microscope with an
SDD EDS OmegaMax™ detector by the same producer
(Section 3.4).
To order the markings used in analyses concerning the five
considered options of cooling and lubricating the grinding
zone, their abbreviations were introduced as explained in
Table 2.
3.1 Evaluation of grinding process effectiveness
Analysis of the obtained experimental studies results showed
that in the majority of cases it was possible to execute the ma-
chining until the complete removal of the total machining allow-
ance, which was ae tot = 0.75 mm. Only in grinding in the con-
ditions of the MQC method and a GF in the form of
demineralized water aerosol (MQC-W) did the limiting value
of grinding power increase ΔPl = 510 W occur first, which
caused termination of the machining process after tg tot = 439 s.
The results of the machining power increase measurementsΔP
during internal cylindrical grinding in five different options of
machining zone cooling and lubricating conditions are presented
in Fig. 2.
In addition, Fig. 3 presents values of selected parameters
describing the effectiveness of the examined grinding process
for the five above-mentioned cooling and lubricating condi-
tions options, determined on the basis of data from the whole
grinding wheel life period:
– average grinding power increase ΔPav—Fig. 3a,
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– grinding wheel volume wear Vs—Fig. 3b,
– material removal Vw—Fig. 3c,
– grinding index G = Vw/Vs—Fig. 3d.
Analysis of the experimental studies’ results makes it pos-
sible to conclude that the most advantageous conditions of
executing cylindrical grinding in Inconel® alloy 718 were
obtained in the case of using the system of a minimum GF
flow rate with the MQC method (Figs. 2 and 3). The applica-
tion of cooling and lubricating with the WET method caused
the exceeding of the grinding power increase threshold value
after the shortest grinding wheel operation time (189 s—
Fig. 2e) and it was during its course that the highest mean
value of these parameters was measured (ΔPav = 344 W—
Fig. 3a). During grinding in conditions of delivering the GF
with the MQCmethod, the mean grinding power increase had
slightly lower values in a range from 220 to 311 W (Fig. 3a).
Analyzing the differences in research results obtained
for specific GF types delivered with the MQC method, it
may be concluded that the application of GFs doped with
MoS2 and graphite, as well as emulsions, allows for stable
execution of the grinding process in a relatively long
period of time (in the above-described studies tg = 900 s—
Fig. 2a–c). The delivery of pure demineralized water aero-
sol into the grinding zone caused the exceeding of the
threshold value ΔPl after tg = 439 s (Fig. 2d). This means
that a lack of doping with powdered lubricating and
antiadhesive substances in a solid state, or a lack of the
addition of oil (in the case of emulsion), contributes con-
siderably to limiting the GF lubricating properties and leads
to substantial shortening of the grinding wheel life (Fig. 2).
Comparing the measured values of grinding wheel volume
wear Vs (Fig. 3b) and material removal Vw (Fig. 3c), on which
the grinding index G value is directly dependent (Fig. 3d), it
may be concluded that by far the most advantageous indexes
were obtained in the case of grinding conditions with the
delivery of demineralized water doped with MoS2 particles
with the MQCmethod. In this case, the lowest grinding wheel
volume wear (Vs = 41.46 mm
3) and the highest actual ma-
chined material removal rate (Vw = 942.91 mm
3) were ob-
served, due to which the following grinding index value was
obtained: G = 22.74 mm3/mm3 (Fig. 3). This value is three-
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times higher than in the case of values obtained in the remain-
ing four cases where G = 4.59–7.88 mm3/mm3. It may be
therefore concluded that in the applied method of delivering
the GFwith a minimum flow rate in the form of aerosol (MQC
method) through a single nozzle spraying towards the grind-
ing zone (Fig. 1), doping demineralized water with MoS2
particles with a concentration of 30 g/dm3 provides the most
advantageous tribological conditions in the area of contact
between the active abrasive grain apexes and the machined
surface.
3.2 Analysis of workpiece surface roughness
Measurements of the workpieces’ surface texture were car-
ried out using a Hommel-Tester T8000 stylus profilometer.
In all of the analyzed cases, they confirmed obtaining the
desired values of parameters describing the machined sur-
face roughness (Sa < 0.63 μm). The most advantageous
conditions were obtained in the case of delivering the GF
doped with powdered MoS2 (MQC-M) and graphite
(MQC-G) into the grinding zone using the MQC method.
Detailed surface texture analyses were thus conducted in
reference to these two options. Figure 4a presents a com-
parison of the selected results of analyses of the workpiece
surface roughness obtained with a Hommel-Tester T8000
stylus profilometer for the MQC-M option, while Fig. 4b
presents an analogical comparison for the option abbreviat-
ed as MQC-G.
As the results obtained from analyzing the workpiece’
surface texture indicate, in both of the analyzed options of
grinding wheel cooling and lubrication conditions, insignif-
icant surface roughness was obtained (Fig. 4). This is
proved by values of selected roughness parameters which,
for options MQC-M and MQC-G, are, respectively, as
follows: the arithmetic mean deviation of the surface
Sa = 0.210 μm and 0.236 μm; total height of the surface
St = 3.77 μm and 6.42 μm; density of summits of the surface
Sds = 950 pks/mm2 and 933 pks/mm2; and developed interfa-
cial area ratio Sdr = 0.297% and 0.341%. Such values of sur-
face texture parameters are indicative of the proper operation
of the grinding wheel and favorable tribological conditions in
the grinding zone in the analyzed options.
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Slightly more advantageous surface texture parameters
values were measured on the machined surface in conditions
of delivering a GF doped with powdered MoS2 (MQC-M) as
compared with values for the MQC-G option. These differ-
ences, in the case of the majority of the parameters, are not
significant and are included in the range of between 10 and
15%. The only exception in this respect is the St parameter
value, which for the machined surface in conditions of deliv-
ering a GFwith powdered graphite was 58%more than for the
MQC-M option. It is worth noting that the value of the surface
roughness height can be influenced even by a single peak or
valley registered on the analyzed surface. This is extremely
important in the case of a proper interpretation of the results of
measurements obtained.
3.3 Assessment of state of GWAS clogging
of workpiece material
Figures 5, 6, 7, 8 and 9 present SEM micrographs from the
active surfaces of the examined grinding wheels after cylin-
drical grinding in Inconel® alloy 718 using five different
varieties of the cooling conditions (MQC-M, MQC-G,
MQC-E, MQC-W and FM-REF), acquired with a JSM-
5500LV scanning electron microscope.
Comparison of SEM micrographs of the examined GWAS
(Figs. 5, 6, 7, 8 and 9) indicates that for the adopted grinding
process parameters, both microcloggings of active abrasive
grain apexes and (in some cases) vast cloggings of the inter-
granular spaces were intensively created. Moreover, this phe-
nomenon occurred in the case of the examined grinding
wheels with varied intensity. By far the most clogged active
surface was that of the grinding wheel used for the grinding of
Inconel® alloy 718 in the conditions of delivering non-doped
demineralized water with the MQCmethod (option marked as
MQC-W—Fig. 8). On the GWAS of grinding wheels operat-
ing in conditions of MQC cooling with the provision of GF
doped with powdered MoS2 and graphite (Figs. 5 and 6,
respectively), a qualitative analysis of the registered SEM mi-
crographs showed a considerably smaller amount of clogging
and which was observed only on active abrasive grain apexes.
As was revealed by the qualitative visual analysis of the
SEM micrographs presenting fragments of the examined
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GWAS acquired by the use of the scanning microscopy
technique, there were significant differences concerning
the level of their clogging with grinding products (Figs.
5, 6, 7, 8 and 9), leading to the conducting of more detailed
quantitative analyses using image analysis and processing
techniques being necessary. For this purpose SEM micro-
graphs underwent binarization and then, on their basis,
geometric parameters of the individualized objects were
determined using a special Image-Pro® Plus 5.1 software.
Figures 10, 11, 12, 13 and 14 present results of the con-
ducted quantitative analyses of the vast panoramas of the
GWAS after grinding in five different conditions of cooling
and grinding in the grinding zone of Inconel® alloy 718.
The next diagram (Fig. 15) presents charts of selected
values of geometric parameters of areas singled out from
SEM micrographs corresponding to GWAS clogging for
each grinding zone cooling and lubrication variants.
Assessment of the quantitative analysis of SEM micro-
graphs of the GWAS showed that the lowest total percentage
of clogging in the analyzed areas occurred in the case of the
grinding wheel operating in MQC-M conditions (3.81%—
Fig. 15d). Moreover, in the case of the provision of a GF
doped with powdered graphite, the clogging percentage was
relatively low at 7.08%. In both of the above-described cases,
further proper use of the grinding wheels and continuation of
the grinding process were possible.
In the case of grinding wheels operating in conditions of
delivering emulsion into the grinding zone with the minimum
(MQC-E—Fig. 12), or standard flow rate (FM-REF—
Fig. 14), the clogging percentage exceeded 20% (20.74%
and 24.81%, respectively—Fig. 15d). This is indicative of
far greater adhesion of ductile machined material chips to
the GWAS. What is also worth noting is the difference in the
amount of gumming up in these two cases (Fig. 15c). On the
analyzed active surface fragment of the grinding wheel oper-
ating in MQC-E conditions, 122 instances of clogging were
observed, while in the case of FM-REF only 52, although
there was one vast clogging which constituted almost 80%
of the sum of surfaces of all singled out elements (Fig. 14).
Such characteristics of the clogging surface distribution is
particularly disadvantageous as vast clogging constitutes heat
spots on the GWAS, which may even cause catastrophic dam-
age of the grinding wheel with the ceramic bond (as it may
snap under thermal stress). In both described cases (MQC-E
and FM-REF), the percentage of clogging was deemed too
high—which is indicative of the termination of the grinding
wheel life and the necessity to carry out the procedure of
dressing its active surface.
By far the greatest percentage of clogging on the GWAS
(which was as much as 50.37%) was registered in the case of
delivering demineralized water with a minimum flow to the
grinding zone (MQC-W—Fig. 15d). GF of this type is not
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Fig. 15 Summary of numerical values of selected geometrical parameters
of geometrical objects corresponding to the cloggings of the GWAS after
the internal cylindrical grinding process of Inconel® alloy 718 during the
image analysis carried out in Image-Pro® Plus 5.1 software for analyzed
grinding conditions. a Total area of cloggings. b Average area of
cloggings. c Number of cloggings. d Percentage of the clogged area in
analyzed image
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used in grinding processes and was included in the research
just as a reference to GFs doped with powdered lubricating
and antiadhesive substances in solid state. Comparing results
of analyses for MQC-W (Fig. 13) and the results of MQC-M
(Fig. 10) and MQC-G (Fig. 11) shows how advantageous
doping GF with MoS2 and graphite is. The differences in the
amount of the GWAS gumming up are almost 13 times higher
for MoS2 and over seven times higher for graphite, as com-
pared to the result obtained in MQC-W conditions (Fig. 15d).
The conducted quantitative analyses of SEM micro-
graphs (Figs. 10, 11, 12, 13, 14 and 15) point to the consid-
erable influence of doping GF in the form of demineralized
water with powdered MoS2 and graphite (with a concentra-
tion of 30 g/dm3), delivering it in an aerosol form of with a
minimum flow rate (QGF = 1080 ml/h), on the intensity of
clogging the GWAS with machined material chips. It can be
therefore surmised that particles of solid grease effectively
reached the area of contact between the BWAS and the
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i) j) k) l) m)
n) o) p) r) s)
20 mµ 20 mµ 20 mµ 20 mµ 20 mµ
20 mµ 20 mµ 20 mµ 20 mµ 20 mµ
20 mµ 20 mµ 20 mµ 20 mµ 20 mµ
Al Ca C Cr Fe
K Mo Na Nb Ni
O P Si S Ti
a)
SDD EDS
detector
b) c)
Mag. 150×
 = 15 kV
1.84×1.84 mm
Ua
200 mµ
y
x
Mag. 1200×
 = 15 kV
0.18×0.18 mm
Ua
20 mµ
y
x
Sample
holder
Drawer-type
motorized
stage
y
z
x
Grinding
wheel
Chamber view
Mag. 80×
35 mm
ω
Free
intergranular
space
Abrasive
grain
Al O2 3
Group of
microchips
and MoS2
Vitrified
bond
S4
S1
S3
S2
S5
S6
GWAS AFTER THE INTERNAL CYLINDRICAL GRINDING OF  INCONEL  ALLOY 718 | MQC-M
Instrument type: (P)SEM | Model: Explorer | Producer: ASPEX Corp.
Acc. voltage: 15 kV | Signal: BSED | WD: 10.0 mm | Spot size: 6.0 | Vacuum pressure: 50 Pa 
®
Fig. 16 Results of SEM/EDS analysis of the GWAS after grinding under MQC-M conditions. a View of vacuum chamber. b SEMmicrograph. c SEM
micrograph extracted from Fig. 17b with marked points of EDS analysis; d–s Microanalysis EDS—element maps on the GWAS
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machined surface and actively influenced its tribological
conditions. Additional confirmation of the presence of par-
ticles of powdered lubricating and antiadhesive substances
in the area of direct contact of the active abrasive grains and
the machined surface was possible due to the analysis of
elemental composition on the GWAS after grinding in the
form of surface maps and point EDS analyses, described in
Section 3.4.
3.4 EDS microanalyses of element composition
on the GWAS after the grinding process
For the purpose of detailed analysis of the GWAS and precise
identification of objects located on it, apart from evaluating
the amount of gumming up, EDS microanalyses of elemental
composition and mapping their distribution on the GWAS
were also carried out. An Explorer™ scanning electron
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Fig. 17 Results of SEM/EDS analysis of the GWAS after grinding under MQC-G conditions. a View of vacuum chamber. b SEM micrograph. c SEM
micrograph extracted from (b) with marked points of EDS analysis; d–s microanalysis EDS—element maps on the GWAS
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microscope with an SDD EDS OmegaMax™ detector were
used to this end. These analyses were carried out for those
grinding wheels that worked in conditions of delivering GF
with the MQC method and for which the most advantageous
results of grinding efficiency evaluation were observed,
described in Section 3.1 (these were conditions abbreviated
as MQC-M, MQC-G, and MQC-E). Figures 16, 17 and 18
present the results of EDS microanalysis in the form of maps
showing the occurrence of elements on the GWAS, while
Tables 3, 4 and 5 present EDS spectra, weight and atomic
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percentages of specific elements identified as a result of point
EDS analyses on the grinding surfaces of the examined grind-
ing wheels after grinding using three diverse GFs delivered
with a minimum flow rate with the MQC method.
Microanalysis of elemental composition on the GWAS
of the examined grinding wheels confirmed a considerable
presence on the grinding wheel surface after work of ele-
ments that form part of the compounds with which the GFs
were doped in the experimental studies. In the case of the
grinding wheel which was used for grinding in conditions
of delivering GF doped with MoS2 (MQC-M), both the
elemental occurrence surface maps (Fig. 16), and EDS
point analyses (Table 3) showed presence of Mo and S in
groups of chips filling out the intergranular spaces visible in
Fig. 16c. The result of surface mapping of Mo distribution
is presented in Fig. 16j while S location on the analyzed
GWAS fragment is presented in Fig. 16r. In reference to
EDS point analyses, whose distribution is shown in
Fig. 16c using symbols S1–S6, the greatest percentage of
Mo and S was determined on the basis of S2 and S3 spectra
Table 3 Results of elemental composition EDS analysis for the GWAS after grinding in MQC-M conditions for marked points S1–S6 from Fig. 16c
Element Wt. % At. % Element Wt. % At. % Spectrum EDS
Spectrum S1
C 0.51 2.03 K 0.75 0.93
O 4.09 12.31 Ti 0.78 0.79
Na 0.63 1.32 V 0.35 0.33
Al 3.10 5.54 Cr 13.60 12.60
Si 1.98 3.40 Mn 0.88 0.77
Nb 1.15 0.59 Fe 15.60 13.46
Mo 3.41 1.71 Ni 52.34 42.96
SK 0.83 1.25
Spectrum S2
C 0.51 2.01 S 23.29 34.72
O 7.37 22.03 K 1.08 1.32
Na 0.47 0.97 Cr 1.50 1.38
Al 1.34 2.37 Fe 1.59 1.36
Si 1.03 1.75 Ni 4.04 3.29
Mo 57.78 28.79
Spectrum S3
C 1.47 5.66 S 23.60 34.00
O 7.31 21.11 K 0.70 0.82
Al 1.45 2.48 Cr 1.99 1.77
Si 0.99 1.62 Fe 2.06 1.71
Mo 54.76 26.37 Ni 5.67 4.46
Spectrum S4
C 1.42 2.82 S 0.97 0.72
O 39.03 58.00 Cl 0.00 0.00
Na 1.62 1.68 K 7.75 4.71
Mg 0.38 0.37 Ca 1.03 0.61
Al 4.11 3.62 Ti 1.62 0.80
Si 22.09 18.70 Cr 4.07 1.86
P 0.97 0.75 Mn 0.36 0.15
Nb 2.10 0.54 Fe 4.24 1.81
Mo 3.01 0.75 Ni 5.22 2.12
Spectrum S5
C 1.10 2.17 Mo 3.33 0.82
O 38.38 56.83 K 8.05 4.88
Na 1.37 01.41 Ca 1.42 0.84
Mg 0.47 0.46 Ti 1.28 0.63
Al 4.34 3.81 Cr 3.27 1.49
Si 26.23 22.13 Mn 0.23 0.10
P 1.06 0.81 Fe 3.94 1.67
Nb 1.86 0.47 Ni 3.68 1.49
Spectrum S6
C 1.44 2.61 S 1.21 0.82
O 39.41 53.87 K 10.07 5.63
Na 3.45 3.28 Ti 0.41 0.19
Al 14.53 11.78 Cr 0.58 0.24
Si 26.32 20.49 Fe 0.87 0.34
P 0.30 0.21 Ni 1.41 0.53
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(Table 3). In spectra S2 and S3, the weight percentage of
Mo was 57.78% and 54.76%, respectively, which
corresponded to the atomic percentage of 28.79% and
26.37%, respectively. The weight percentage of S in these
analyses was 23.29% for S2 and 23.60% for S3, which, in
reference to the atomic percentage, was 34.72% for S2 and
34.00% for S3. In both of the above-described point EDS
analyses (S2 and S3), the elements that were part of molyb-
denum disulfide (MoS2) constituted the main part of the
EDS spectrum (Table 3).
EDS microanalyses carried out on the GWAS after grind-
ing in the conditions of delivering the GF doped with pow-
dered graphite (MQC-G) showed a considerable presence of
carbon in the intergranular spaces, among the microchips ly-
ing there (Fig. 17 and Table 4). Themap of carbon distribution
on the surface of the analyzed grinding wheel fragment is
presented in Fig. 17f. Its analysis points to the greatest con-
centration of carbon in microchip clusters on the top and right-
hand side of the image. A point EDS analysis marked as S3
was carried out in the top part of the observed GWAS
Table 4 Results of elemental composition EDS analysis for the GWAS after grinding in MQC-G conditions for marked points S1–S6 from Fig. 17c
Element Wt. % At. % Element Wt. % At. % Spectrum EDS
Spectrum S1
C 2.96 10.69 K 0.47 0.53
O 5.88 15.95 Ca 0.17 0.19
Na 0.41 0.78 Ti 0.76 0.68
Al 4.32 6.96 Cr 14.77 12.33
Si 1.78 2.75 Mn 0.06 0.05
P 0.31 0.44 Fe 14.82 11.51
Nb 4.96 2.32 Co 0.50 0.37
Mo 3.11 1.40 Ni 44.71 33.05
Spectrum S2
C 10.27 29.87 Mo 2.15 0.78
O 6.72 14.67 K 0.91 0.82
Na 0.70 1.07 Ca 0.32 0.28
Al 3.95 5.12 Ti 0.86 0.62
Si 2.66 3.31 Cr 13.32 8.95
P 0.34 0.38 Fe 13.19 8.25
Nb 3.06 1.15 Ni 41.55 24.73
Spectrum S3
C 35.69 62.29 S 1.68 1.10
O 9.21 12.06 K 3.55 1.90
Na 1.28 1.17 Ca 0.58 0.30
Mg 0.35 0.30 Ti 0.91 0.40
Al 3.12 2.42 Cr 7.56 3.05
Si 5.45 4.07 Mn 0.20 0.08
P 0.34 0.23 Fe 7.82 2.93
Nb 1.90 0.43 Ni 20.37 7.27
Spectrum S4
C 3.88 6.53 Al 20.27 15.19
O 44.24 55.93 Si 21.03 15.14
Na 4.08 3.59 P 0.91 0.59
Mg 0.44 0.37 K 5.15 2.66
Spectrum S5
C 17.97 29.49 K 5.22 2.63
O 33.14 40.83 Ca 1.93 0.95
Na 2.00 1.72 Ti 0.91 0.37
Mg 0.33 0.27 Cr 1.94 0.74
Al 15.85 11.58 Fe 4.00 1.41
Si 11.09 7.78 Ni 4.53 1.52
Spectrum S6
C 5.33 9.22 Si 21.45 15.88
O 40.44 52.55 P 6.21 4.17
Na 3.37 3.05 K 6.52 03.47
Mg 0.81 0.69 Ca 4.97 2.58
Al 10.90 8.40
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fragment (the analysis location is marked in Fig. 17c). This
showed as much as 35.69% of a weight percentage of carbon,
which corresponded to 62.29% of the atomic percentage in the
designated EDS spectrum EDS (Table 4). This means that in
S3 analysis carbon had the greatest percentage among the
identified elements. Moreover, in the point analysis marked
as S2 and S5, the amount of C was considerable and was
10.27% and 17.97% of the weight percentage and 29.87%
and 29.49% of the atomic percentage, respectively.
Analyses of elemental composition on the GWAS after
grinding in conditions of delivering emulsion with the MQC
method (Fig. 18 and Table 5) did not show a considerable
amount of any of the previously analyzed chemical elements
(Mo, S, C). The surface distribution maps and point EDS
analyses mainly refer to elements that form part of the ma-
chined material’s composition (Inconel® alloy 718). Although
it is an alloy of Ni, Co and Fe, it contains numerous additives
(Nb, Ta, Mo, Ti, Al, Co, Mn, Si, Cu, P, S, C, B). Other
Table 5 Results of elemental composition EDS analysis for the GWAS after grinding in MQC-E conditions for marked points S1–S8 from Fig. 18c
Element Wt. % At. % Element Wt. % At. % Spectrum EDS
Spectrum S1
C 2.79 11.42 Cr 16.33 15.44
Al 2.04 3.72 Mn 0.21 0.19
Si 0.81 1.43 Fe 16.23 14.28
Nb 4.62 2.44 Co 0.71 0.59
Mo 3.05 1.56 Ni 50.48 42.27
Ti 0.84 0.86
Spectrum S2
C 2.85 11.47 Ti 0.83 0.83
O 2.53 7.62 Cr 16.24 15.07
Al 2.05 3.67 Mn 0.33 0.29
Si 0.85 1.47 Fe 16.53 14.28
Nb 4.49 2.33 Co 0.55 0.45
Mo 2.85 1.43 Ni 49.70 40.84
K 0.19 0.24
Spectrum S3
C 2.95 11.98 Ti 0.86 0.88
O 2.06 6.28 Cr 16.25 15.26
Al 2.24 4.06 Mn 0.00 0.00
Si 0.56 0.97 Fe 16.14 14.11
Nb 5.63 2.96 Co 0.40 0.33
Mo 2.66 1.36 Ni 50.16 41.71
Ca 0.09 0.11
Spectrum S4
C 2.67 10.45 Ca 0.49 0.58
O 3.13 9.17 Ti 0.85 0.83
Na 0.25 0.50 Cr 16.00 14.44
Al 2.97 5.17 Mn 0.51 0.44
Si 0.91 1.52 Fe 15.72 13.21
Nb 3.08 1.56 Co 0.88 0.70
Mo 1.94 0.95 Ni 49.19 39.32
K 0.27 0.32 Cu 1.14 0.85
Spectrum S5
C 4.43 15.17 K 0.29 0.30
O 3.94 10.11 Ca 0.29 0.30
Ne 2.92 5.94 Cr 9.93 7.85
Al 4.69 7.15 Mn 1.20 0.90
Si 1.91 2.79 Fe 14.22 10.47
Nb 0.65 0.29 Ni 54.91 38.45
Mo 0.62 0.27
Spectrum S6
C 18.17 31.72 Ca 2.21 1.16
O 34.61 45.36 Cr 4.45 1.79
Na 2.52 2.30 Mn 0.98 0.38
Si 10.63 7.93 Fe 4.94 1.85
Tl 2.31 0.24 Co 2.34 0.83
K 2.40 1.28 Ni 14.44 5.16
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detected elements can also be related to abrasive grains
(Al2O3), the ceramic bond (mainly glass), as well as com-
pounds of the emulsion where Syntilo RHS oil constituted
5%.
4 Conclusions
The experimental studies of internal cylindrical grinding con-
ducted in five different conditions of cooling and lubricating
the machining zone (Table 2) showed room for considerable
improvement of tribological conditions of the analyzed pro-
cess by doping GF with powdered lubricating and
antiadhesive substances in a solid state (in the described re-
search, this was molybdenum disulfide (MoS2) and graphite).
The obtained results of measurements and analyses allowed
for drawing the following detailed conclusions.
1. The most favorable conditions of grinding wheel opera-
tion (the lowest mean grinding power P, the highest grind-
ing index G and advantageous surface roughness param-
eters values, e.g. Sa = 0.210–0.236 μm) were obtained
when delivering an aerosol of water slurry made from
demineralized water doped with MoS2 and graphite with
a concentration of 30 g/dm3 with a minimum flow rate
with the MQC method, as well as when delivering an
aerosol of 5% water slurry of Syntilo RHS oil with this
method.
2. On active surfaces of grinding wheels operating in condi-
tions of delivering the GF doped with MoS2 and graphite,
the lowest surface clogging percentages An were regis-
tered, which were 3.81% and 7.08%, respectively. These
results were more favorable as compared with the results
obtained in conditions of delivering non-doped GF
(MQC-W), namely almost 13 times more for MoS2 and
over seven times for graphite.
3. Analyses of the elemental composition on the GWAS,
carried out in the form of surface maps and point EDS
analyses, proved that the solid grease particles (MoS2 and
graphite) reached the area of contact of the GWAS and the
machined surface effectively, actively (in a positive man-
ner) influencing its tribological conditions.
4. The obtained grinding process results prove that the fa-
vorable influence of using GFs doped with powdered lu-
bricating and antiadhesive substances in a solid state using
the MQC method, known from the literature concerning
flat surfaces grinding and external cylindrical grinding,
can also be obtained for the internal cylindrical grinding
process characterized by long path of contact between the
GWAS and the machined surface that makes it more dif-
ficult for the GF to penetrate it and for the grinding prod-
ucts to be removed from it.
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